Aedes aegypti and Culex quinquefasciatus are vectors of diseases that constitute public health problems. The discovery of products capable of inhibiting their development which are less harmful to the environment would have a huge impact on vector control. Here, natural cashew nut shell liquid (CNSL), technical CNSL, anacardic acid, cardanol, and cardol were isolated from Anacardium occidentale and evaluated for larvicidal and pupicidal activity against Ae. aegypti and Cx. quinquefasciatus under laboratory and field conditions. The activities of phenol, resorcinol, salicylic acid, and pentadecane, commercial chemicals similar in structure to nut shell derivatives, were also evaluated. All of the fractions extracted from A. occidentale oil exerted larvicidal effects against both mosquito species (LC 50 5.4-22.6 mg/L), and two of the aforementioned were effective against pupae (LC 50 90.8-109.7 mg/L). Of all the fractions tested, cardol demonstrated the strongest larvicidal and pupicidal effects and presented the most prolonged residual activity against the larvae and pupae of Ae. aegypti and Cx. quinquefasciatus under field conditions. This study suggests that A. occidentale nut shell derivatives are sustainable and promising candidates for the development of novel insecticides to overcome the problem of harmful chemical insecticides.
Introduction
Aedes (Stegomyia) aegypti (Linnaeus, 1762) and Culex quinquefasciatus Say, 1823 (Diptera: Culicidae) are arthropods distributed in almost all continents, mainly in tropical and subtropical regions (Hennessey et al. 2016; Bhattacharya and Basu 2016) . Ae. aegypti is the main vector of dengue, urban yellow fever, chikungunya, and currently zika in Latin America (Campos et al. 2015; Zanluca et al. 2015) . In 2016, approximately US$ 700 million from Brazil's gross domestic product (GDP) were expended on Ae. aegypti-borne arboviruses. Cx. quinquefasciatus is the main vector of Wuchereria bancrofti, the causative agent of lymphatic filariasis or elephantiasis. This disease poses serious public health problems in various continents, including South America, with the northeastern region of Brazil recording increased incidence and prevalence (Forattini et al. 1978; Rocha et al. 2000; Silva et al. 2003) . Owing to the absence of vaccines, with the exception of yellow fever, and efficient therapeutics, vector control is the only current efficient way to avoid these diseases. Existing control measures include preventing adult mosquitoes from biting human beings together with killing larvae, pupae, and adult mosquitoes (Patil et al. 2010; Benelli and Duggan 2018) .
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Investments in vector control have mainly focused on the acquisition of insecticides and larvicides, such as organochlorines, organophosphates, diflubenzuron, and pyrethroids (cypermethrin and deltamethrin). Management of these synthetic insecticides requires constant monitoring because they are endocrine-disrupting chemicals (EDCs), and as such are harmful to urban and rural populations in addition to ecosystems. EDC exposure contributes to human diseases and dysfunctions by disrupting reproductive and sexual development, with a high prevalence of cryptorchidism and hypospadias documented in areas of extensive use (Carbone et al. 2006; Kristensen et al. 1997; Mnif et al. 2011) . The risks associated with EDCs are regarded as a major global health challenge that cost more than 2% of the USA's annual GDP (Attina et al. 2016) .
To avoid these problems, it is necessary to search for new alternative insecticides. In this context, substances of botanical origin emerge as an option to control these vectors, since some of them present biomolecules with proven entomopathogenic properties. Phytochemicals derived from plant sources can act as larvicides, insect growth regulators, repellents, and oviposition attractants, playing an important role in the interruption of mosquito-borne disease transmission at both individual and community levels (Patil et al. 2010; Benelli and Duggan 2018) . These eco-friendly molecules are also attractive as they are biodegradable, selective, and have a low environmental impact affording greater security to the population and are potentially suitable for use in integrated pest management programs. Furthermore, many such molecules can be obtained by synthetic approaches (Brogdon and McAllister 1998; Silva et al. 2004; Braga and Valle 2007; Pavela 2015) .
Studies of the nut shell derivatives of Anacardium occidentale, a native Brazilian plant belonging to the Anacardiaceae family, showed larvicidal effects against Ae. aegypti (Guissoni et al. 2013; Torres et al. 2015) . A product named cashew nut shell liquid (CNSL) obtained from its fruit, designated natural CNSL, is a rich source of phenolic constituents such as anacardic acid, cardol, and cardanol, which contain a side chain of 15 carbon atoms with different degrees of unsaturation (Oliveira et al. 2011) . Thermal decarboxylation converts anacardic acid into technical CNSL, which is mainly composed of cardanol. Natural and technical CNSL, anacardic acids, cardol, and cardanol have all been shown to have high technological and therapeutic potentials (Wu et al. 2011) . Moreover, CNSL constitutes 25% of cashew fruit weight and is a low-cost product as it is wasted in processing (Mazzetto et al. 2009 ).
Thus, this study aimed to evaluate the insecticide effects of the fractions extracted from A. occidentale oil against larvae and pupae of Ae. aegypti and Cx. quinquefasciatus in laboratory and field bioassays. The activities of phenol, resorcinol, salicylic acid, and pentadecane, commercial chemicals similar in structure to cardanol, cardol, anacardic acid, and to the pentadecyl chain, respectively, were also evaluated.
Materials and methods

Plant material and general experimental procedures
A voucher specimen of the A. occidentale cashew nut (14334) was deposited in the Dardano de Andrade-Lima herbariumUniversidade Federal Rural do Semi-Árido, Brazil. Natural and technical CNSL, anacardic acid, cardanol, and cardol were provided by the Laboratório de Isolamento e Transformação de Moléculas Orgânicas (LITMO) in the chemistry institute of the University of Brasilia.
Briefly, compound preparation was monitored using thin layer chromatography (TLC) analysis on F254/0.2 mm silica gel plates using the 4:1 hexane-ethyl acetate mixture as the eluent and visualized with sulfuric vanillin UV radiation. Chemical characterization was conducted by NMR spectra recorded on a Varian Mercury Plus (7.05 T) spectrometer, operating at 300 MHz and 600 MHz, using deuterated chloroform (CDCl3) as the solvent. High-performance liquid chromatography with diode array detection (HPLC-DAD) analyses of the natural CNSL and all isolated constituents were carried out on a Perkin Elmer modular quaternary pump at a pressure of 1130 psi, using a Supelcosil LC-18 column (150 mm × 4.6 mm, packed with 5 μm particle size). All of the samples were injected in 5-μL aliquots and eluted with an isocratic mobile phase of acetonitrile/water Milli-Q/ acetic acid 80:20:1 (v/v/v), at a flow rate of 1.5 μL/min and race time of 40 min. Column temperature was maintained at 25°C with absorbance monitored at 280 nm (dos Santos and de Magalhães 1999) . The chromatographic profiles of natural CNSL and each constituent, monitored at 280 nm, are presented in Online Resource 1. The CNSL composition comparison with the literature data is shown in Online Resource 2.
Natural and technical CNSL extraction and derivative isolation
Natural CNSL extraction Cashew nuts (263 g) of A. occidentale were cut into small pieces and extracted under reflux with ethanol (900 mL) continuously for 15 h in Soxhlet equipment. Following filtration and evaporation of the organic solvents, the natural CNSL (65 g; 24.7% of the initial sample) was obtained and analyzed by TLC (Trevisan et al. 2006) .
Technical CNSL extraction Natural CNSL (65 g) was placed into a 100-mL flask fitted to a reflux condenser with a stirring plate and oil bath heating. The initial mixture was stirred vigorously and refluxed (180°C), accompanied by TLC, until the entire anacardic acid mixture was consumed. After 12 h, the reaction mixture was adjusted to a vacuum distillation system (1 mmHg) and heated to boiling point. Two fractions of distillate were collected in the range of 180-220°C. Both fractions contained yellowish oil, characterized by TLC as a phenol mixture, similar to the technical CNSL (32 g, 43%).
Anacardic acid extraction In a 500-mL round bottom flask, 56.86 g of natural CNSL in 340 mL of acetone P.A. was dissolved under stirring. After dissolution, 34 g of calcium hydroxide was slowly added and vigorous stirring continued. The mixture was subsequently heated to 50°C and the supernatant monitored by TLC to verify the absence of anacardic acids. At the end of the reaction, approximately 7 h later, the calcium anacardate precipitate was sintered into a funnel, washed thoroughly with 300 mL of acetone, and vacuum dried. The filtrate was concentrated in a rotary evaporator to give 11.50 g of dark oil, a phenol mixture free of anarcardic acid (similar to the technical CNSL). To obtain the anacardic acid, the calcium anacardate precipitate was resuspended in 230 mL of distilled water with 45 mL of 12 M hydrochloric acid added under stirring for 1 h. The resulting mixture was then extracted with 3 volumes of 100 mL ethyl acetate. The combined organic phase was washed with 3 volumes of 100 mL distilled water, dried with sodium sulfate, filtered, and concentrated to provide 41.4 g of the anacardic acid mixture (72.8%).
Cardanol and cardol separation and purification The anacardic acid-free oil (similar to the technical CNSL), reserved in the above procedure, was impregnated on silica 60, and the mixture was fractionated by silica gel 60 (0.05-0.2 mm, column chromatography), eluted under suction by dry-flash column chromatography with a gradient of hexane: ethyl acetate at concentrations of: 2, 5, 10, 30, and 50% in 50-mL aliquots yielding, from 56.86 g of natural CNSL, 3.4 g (6.0%) of cardanol, 1.7 g (2.7%) of 2-methylcardine, and 9.7 g (17%) of cardol.
Larvicidal and pupicidal assays under laboratory conditions
Third instar larvae and pupae of Ae. aegypti and Cx. quinquefasciatus were provided by EMBRAPA Genetic Resources and Biotechnology. Samples were brought to laboratory and maintained at 25 ± 2°C with 70-80% relative humidity and a 12-h photoperiod in 30 mL (larvae) or 200 mL (pupae) polystyrene cups containing distilled water.
The extracted dried and pre-weighed anacardic acid, cardanol, and cardol were solubilized in dimethylsulfoxide (1% DMSO) and distilled water to an initial concentration of 100 mg/L, which were subsequently diluted to different concentrations down to 5 mg/L. Higher concentrations were used for the natural and technical CNSL (from 500 mg/L). Twentyfive larvae or pupae of each mosquito species were added to 25 mL of each solution concentration. In addition, phenol, resorcinol, salicylic acid, and pentadecane were also tested at 100 mg/L. The polystyrene cups containing the pupae were covered with organza to prevent mosquito escape in case of emergency. Temephos (1 mg/L) and 1% DMSO solution were used as positive and negative controls, respectively. The larvae and pupae mortality rates were calculated 24 h after the start of the experiment. The assays were performed in triplicate to obtain the dose setting and the LC 50 .
Larvicidal and pupicidal assays under field conditions: residual activity of natural CNSL and its fractions
The samples were weighed, solubilized in 1% DMSO and distilled water to an initial concentration of 500 mg/L, followed by dilutions of 450, 400, 350, 300, 250, 200, 150 , and 100 mg/L for assays with pupae. For larvicidal assays, the initial concentration was 100 mg/L, followed by dilutions of 50, 25, 15, and 5 mg/L.
Field bioassays were carried out at Embrapa (CENARGEN). Thirty larvae or pupae of each mosquito species were added daily to the polystyrene cups, after removing and quantifying dead larvae and pupae. This procedure was repeated until each of the fractions lost its larvicidal or pupicidal capacity. Temephos (1 mg/L) and 1% DMSO solution were used as positive and negative controls, respectively. The assays were performed in triplicate.
The residual activity of natural CNSL and its fractions was evaluated by probit analysis (Finney, 1971) . The median residual activity time (RT 50 ) in days and 95% confidence intervals were recorded for each sample concentration assayed. The regression equation, slope, and Chi-square were also estimated (Online Resources 6 and 7). Backtransformation of the data was performed to fit the proposed probit model (Throne et al. 1995 ) (Online Resource 8).
Cytotoxicity assays
The nut shell derivatives were tested on L6 cells using the fluorimetric assay (Resazurin) according to the methodology described by O'Brien et al. (2000), with modifications. The cells previously seeded into 96-well plates (5 × 10 4 cells/well) were treated for 24 h at 37°C with sample serial dilutions from 40 mg/L in DMEM medium supplemented with 5% fetal bovine serum (FBS) and 100 mg/L gentamicin. The final concentration of DMSO in the assay medium was less than 1% (v/ v). After this period, 20 μL of Resazurin solution (SigmaAldrich®) was added to achieve a 2 mM final concentration and the samples were incubated for a further 4 h at 37°C. Cell viability was calculated by the mean fluorescence emitted at 595 nm (under excitation at 570 nm) recorded in the SpectraMax M5 microplate reader (Molecular126 Devices, Sunnyvale, CA, USA), compared to the untreated cell control.
Statistical analysis
Data for the LC 50 and CC 50 were submitted to analysis of variance (ANOVA). The averages were then compared by the Scott-Knott test and regression, both 5% probability. Mortality in the fractions of each species of biological vector was verified by analysis of variance (ANOVA), and the averages compared by Tukey's test (5% probability). The graphs were constructed using the GraphPad Prism software (version 6.0).
Results and discussion
A. occidentale oil and its derivatives show larvicidal and pupicidal activities A. occidentale natural and technical CNSL, anacardic acid, cardanol, and cardol activities were evaluated against larvae and pupae from Ae. aegypti and Cx. quinquefasciatus. All of these fractions were effective against larvae of both mosquito species, with LC 50 values varying from 5.4 to 22.6 mg/L. With regards to activity against pupae, the LC 50 values were higher, varying from 90.8 to 400.4 mg/L, and no pupicidal activity was observed against Ae. aegypti and Cx. quinquefasciatus with cardanol treatment for 24 h for the concentrations tested. Anacardic acid and cardol demonstrated the most effective larvicidal and pupicidal activities against both mosquito species when compared to other fractions (Table 1) . Moreover, the LC 50 of anacardic acid against Ae. aegypti larvae was lower than reported in the literature against this species (Guissoni et al. 2013; Torres et al. 2015) and against Aedes fluviatilis fourth instar larvae (Consoli et al. 1988 ). Cardanol and technical CNSL, which is mainly composed of cardanol, were similarly the less effective fractions against larvae and pupae (Table 1) .
Temephos (1 mg/L) treatment resulted in 100% third instar larval mortality and 100% pupal survival for both Ae. aegypti and Cx. quinquefasciatus. Pupal resistance of vector mosquitoes to synthetic chemical insecticides such as Temephos was reported in the literature (Campos and Andrade 2001; Macoris et al. 2003; Carvalho et al. 2004 ) and is probably due to the large layer of chitin that forms the pupae exoskeleton. This layer prevents the mechanisms of action of the active components in Temephos. No larvae or pupae deaths were observed in the negative control groups (1% DMSO).
Structure-activity relationships can provide important information about the possible mechanisms of action of A. occidentale oil derivatives against the larvae and pupae of Ae. aegypti and Cx. quinquefasciatus. Cardanol, cardol, and anacardic acid share a phenolic core composed of phenol, resorcinol, and salicylic acid, respectively, to which a long hydrocarbon chain (C15, pentadecyl) is linked (Fig. 1) . Chemically, resorcinol and salicylic acid basically consist of a benzene ring, hydroxyl group (phenol), and a substituent group of either hydroxyl (OH) or carboxyl (COOH). Pentadecane is a single unsaturated hydrocarbon chain basically consisting of carbon (C) and hydrogen (H) atoms. Bioassays using pentadecane and the three analogous cashew oil derivatives (phenolic compounds) were performed to evaluate which subunits were responsible for their larvicidal and pupicidal activities against both mosquito species.
Resorcinol, salicylic acid, and pentadecane (at 100 mg/L) were responsible for approximately 30, 39, and 60% of Ae. aegypti larvae mortality, and for 40, 48, and 55% of Cx. quinquefasciatus larvae mortality, respectively. Phenol was considered inactive since it did not kill mosquito larvae from both species at the concentration tested. Only pentadecane showed pupicidal activity against Ae. aegypti (15% mortality) and Cx. quinquefasciatus (18% mortality) at 300 mg/L at 24 h (Fig. 2) . There was no pupae mortality in the controls. These results show that both the phenolic moiety and the pentadecane chain from A. occidentale derivatives contribute to its larvicidal and pupicidal effects. LC 50 lethal concentration required to kill 50% of the larvae and pupae, mg/L milligrams per liter, L3 third instar larvae, B−^absence of mortality among conditions tested, UCL upper confidence limit (95%), LCL lower confidence limit (95%). All results were obtained by probit analysis. *Means followed by the same lower case or capital letter in the same column are not different from each other by the ANOVA and Tukey's test; p < 0.05
Scientific evidence suggests that the biological activity of phenol is increased with the addition of alkyl groups (-C n H 2n + 1 ) in the aromatic system in which the so-called phenolic lipids are formed. Increasing lipophilicity is important for the activity of compounds, since it renders them more amphiphilic (Kubo et al. 2003; Nagabhushana et al. 2002) .
In addition, phenolic lipids such as resorcinol and other CNSL compounds (resorcinolic lipids) have the capacity to inhibit the growth of several microorganisms (Stasiuk and Kozubek 2010) . This effect seems to depend on their interaction with proteins and/or membrane-disturbing properties due to their potentially strong amphiphilic character.
Acacia nilotica seed essential oil was tested for bioefficacy and demonstrated strong larvicidal activity with low LC 50 values (3.17-5.24 μg/mL) against three major mosquito species, Ae. aegypti, Cx. quinquefasciatus, and Anopheles stephensi (Vivekanandhan et al. 2018a) . A petroleum benzene crude extract of Acanthospermum hispidum leaves showed the highest larvicidal and pupicidal activities against these three mosquito vectors (Vivekanandhan et al. 2018b) . Fig. 1 Structural representation of the organic molecules extracted from natural cashew nut shell liquid (CNSL) and the commercial compounds: salicylic acid, phenol, and resorcinol which are structurally similar to anacardic acid, cardanol, and cardol, respectively Fig. 2 Phenol, resorcinol, salicylic acid, and pentadecane activities against Aedes aegypti and Culex quinquefasciatus. a Pentadecane activity against larvae and pupae of Ae. aegypti (black) and Cx. quinquefasciatus (gray). b Resorcinol and salicylic acid activity against larvae of Ae. aegypti (black) and Cx. quinquefasciatus (gray).
Compounds were assayed at 100 mg/L against larvae and 300 mg/L against pupae for 24 h. Bars indicate the standard deviation of triplicate determinations. ANOVA with post hoc Tukey test indicates a significant difference between groups (**p < 0.01) Larval and pupal mortality assays under field conditions and residual activity evaluation Larval and pupal mortalities were measured under field conditions in the presence of different concentrations of the studied fractions. The residual activity of these fractions was also evaluated until 10 days after the onset of the experiment. Both natural and technical CNSL caused total larval and pupal mortalities after 24 h of exposure to the highest concentration tested for each stage (100 mg/L against larvae; 500 mg/L against pupae) (Fig. 3) . A similar median residual activity time (RT 50 ) of approximately 3.5 days was observed for both mosquitoes against larvae. Natural and technical CNSL RT 50 values were approximately 3.6 and 2.8 days, respectively, against pupae of Ae. aegypti and Cx. quinquefasciatus (Table 2 ). In addition, 100 mg/L natural CNSL showed total larvicidal activity after the second day. Following incubation with 50 mg/L natural CNSL, total larvicidal activity was also observed at 24 h, which persisted over 75% larvae for 48 h against both mosquito species (Online Resource 3), with an RT 5 0 of 1.94 and 1.90 for Ae. aegypti and Cx.
quinquefasciatus, respectively (Online Resource 4). Thus, natural CNSL was shown to be more efficient than technical CNSL with regards to prolonged incubations under field conditions.
For anacardic acid, although all larvae died following 24-h exposure to 100 mg/L and 50 mg/L anacardic acid (Fig. 4) , this compound presented a greater loss of residual activity during prolonged incubation under field conditions (Table 2 , Online Resources 4 and 5). A similar loss of residual activity was reported against pupae, in which 100% mortality was observed only for 24 h at 300 mg/L. No larvicidal and pupicidal activities were observed against both mosquito species after 3 days.
The cardanol fraction induced total mortality of the larvae at 100 mg/L (Fig. 4) and showed an RT 50 against larvae from both Ae. aegypti and Cx. quinquefasciatus of approximately 3.7 days (Table 2 ). However, similarly to laboratory conditions, this fraction showed no pupicidal effect against both mosquito species under field conditions.
The highest RT 50 against the larvae of Ae. aegypti and Cx. quinquefasciatus were observed for 100 mg/L and 50 mg/L Fig. 3 Residual larvicidal and pupicidal activities of natural and technical CNSL from Anacardium occidentale nut shell tested against Aedes aegypti and Culex quinquefasciatus under field conditions. The assay was carried out as described in the BMaterials and methods^section.
Standard curve and points correspond to Ae. aegypti (blue) or Cx. quinquefasciatus (red). Bars indicate the standard deviation of triplicate determinations cardol ( Table 2 , Online Resources 4 and 5). Concerning its pupicidal effect, this fraction showed a similar RT 50 to natural and technical CNSL and cardol in the highest concentrations evaluated. In the field, stabilization processes are required to avoid loss of efficiency against target pests (Pavela and Benelli 2016) . Encapsulation and nanoparticle synthesis are examples of such technology that could help prevent high degradation levels of the A. occidentale oil active compounds evaluated in this research. Regarding the use of nanoparticles, a number of nanomaterials have been reported to demonstrate toxicity against mosquito vectors and could act synergistically against target species. However, their impact(s) on non-target species and the environment must be evaluated (Benelli 2018) .
The cytotoxic effects of the five A. occidentale oil derivatives were tested on the L6 mammal cell line by using the resazurin assay. The compounds did not present cytotoxic activity under the conditions evaluated ( Table 3) . Phenolic lipids have been intensively investigated in vitro and in vivo as cytotoxic and antitumor agents. Results showed a lack of mutagenic, carcinogenic and cocarcinogenic effects, and protection of DNA against UV-and hydrogen peroxide-induced damage (Stasiuk and Kozubek 2010; Xiu et al. 2014) . Of the A. occidentale oil fractions tested, anacardic acid presented a higher antioxidant capacity compared to cardol and cardanol (Trevisan et al. 2006) . Therefore, in addition to having high insecticidal power, these fractions are also antioxidants and effective in the fight against free radicals, proving to be innocuous to the health of vertebrates. Low acute toxicity for oral and dermal applications has been reported for some essential oils in non-target vertebrates (Pavela and Benelli 2016) . The third instar larvae of Ae. aegypti and Cx. quinquefasciatus were more susceptible to the toxic effects of A. occidentale oil derivatives than the pupae of both species. This could be explained by the fact that these larvae feed on microplankton and organic matter present in water, ingesting the insecticide molecules as they feed (Arruda et al. 2003; Silva and Silva 1999) . As pupae do not feed, higher concentrations of active compounds are required in order to exert their toxic effect(s). There was no difference between the susceptibility of Ae. aegypti and Cx. quinquefasciatus, showing that these derivatives have potential for the development of a broad spectrum of insecticides against Culicidae.
The most common mechanisms of action of essential oils against insects are inhibition of cytochrome P450, GABA receptors and acetylcholinesterases, and modulation of the octopaminergic system (Pavela and Benelli 2016) . A. occidentale oil fractions are mixtures of substances and individual compounds that may have different modes of action and mutual synergistic relationships, as previously observed for the aromatic compounds of some essential oils evaluated against Cx. quinquefasciatus larvae (Pavela 2015) . A more in-depth evaluation of the mutual relationships of the individual compounds contained in the phenolic lipid products of A. occidentale nut shell is of great importance and can strengthen the prospects of A. occidentale oil derivatives as active ingredients in botanical insecticide production.
Conclusions
Importantly, our results raise the possibility of using A. occidentale oil fractions in northeastern Brazilian states, together with countries considered major cashew nut producers such as India and Vietnam, which are also endemic for vector-borne diseases (Mutheneni et al. 2017; Dinh Pham et al. 2017; Pham Thi et al. 2017) . Tons of CNSL are produced during cashew nut processing, and consequently, the oil fractions can be produced at a low cost (Mazzetto et al. 2009 ). Thus, in addition to the profits from cashew nut production in these regions, A. occidentale byproducts (oil derivatives) could also be employed to prevent Ae. aegypti and Cx. quinquefasciatus breeding. It is noteworthy that the northeast of Brazil was indeed the region directly affected with an outbreak of Zika from 2014 to 2016, with a significant number of infants reported with microcephaly (Guedes et al. 2017; Kraemer et al. 2015; Zanluca et al. 2015) .
In conclusion, our study supports the promising insecticide potential of natural and technical CNSL, anacardic acid, and cardol as sustainable materials that can be obtained from cashew nut shell recycling. These compounds constitute a potential tool to reliably manage arthropod pathogen vectors in an eco-friendly manner. Further studies are necessary in order to better elucidate their mechanisms of action and their possible effects on the environment. Standardization of A. occidentale oil derivative extraction and bioactivity evaluation methods, as well as field trials, stability and efficacy demonstrations, not to mention regulatory approval, are imperative if these natural compounds are to be used in the production of botanical insecticides (Isman 2006; Isman 2017) . Moreover, to develop these study results into a practical application and contribute to the One Health worldwide strategy, which aims at expanding interdisciplinary communication and collaboration in all aspects of healthcare for humans, animals, and the (Benelli 2018) , closer cooperation between academia and manufacturers remains a challenge.
